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ABSTRACT 

As part of our on-going investigation of magnetic activity in ultracool dwarfs we present simultaneous radio, 
X-ray, UV, and optical observations of LSR 1835+32 (M8.5), and simultaneous X-ray and UV observations of 
VB 10 (M8), both with a duration of about 9 hours. LSR 1835+32 exhibits persistent radio emission and Ha 
variability on timescales of ~ 0.5-2 hr The detected UV flux is consistent with photospheric emission, and 
no X-ray emission is detected to a deep limit of Lx/L\,o\ < 10~^''. The Ha and radio emission are temporally 
uncorrected, and the ratio of radio to X-ray luminosity exceeds the correlation seen in F-M6 stars by >2 x 10"*. 
Similarly, Lua/Lx > 10 is at least 30 times larger than in early M dwarfs, and eliminates coronal emission as the 
source of chromospheric heating. The lack of radio variability during four rotations of LSR 1835+32 requires a 
uniform stellar-scale field of ~ 10 G, and indicates that the Ha variability is dominated by much smaller scales, 
< 10% of the chromospheric volume. VB 10, on the other hand, shows correlated flaring and quiescent X-ray 
and UV emission, similar to the behavior of early M dwarfs. Delayed and densely-sampled optical spectra 
exhibit a similar range of variability amplitudes and timescales to those seen in the X-rays and UV, with 
Liia/Lx ^ 1. Along with our previous observations of the M8.5 dwarf TVLM 513-46546 we conclude that late 
M dwarfs exhibit a mix of activity patterns, which points to a transition in the structure and heating of the outer 
atmosphere by large-scale magnetic fields. We find that rotation may play a role in generating the fields as 
evidenced by a tentative correlation between radio activity and rotation velocity. The X-ray emission, however, 
shows evidence for super-saturation at vsin/ > 25 km s"', which could be the result of secondary effects such 
as inefficient heating or centrifugal stripping of extended coronal loops. These effects may underlie the severe 
violation of the radio/X-ray correlation in ultracool dwarfs. Upcoming observations of L dwarfs will reveal 
whether these trends continue in substellar objects. 

Subject headings: radio continuum:stars — stars: activity — stars:low-mass, brown dwarfs — stars magnetic 
fields 



1. introduction 

Over the past several decades, observations of magnetic ac- 
tivity in stars of spectral type F-M have uncovered a vari- 
ety of correlations between the different activity indicators, as 
well as between the level of activity and properties such as 
stellar rotation and age. Coronal X-ray emission, transition 
region UV emission, chromospheric Ha emission, and non- 
ther mal radio emission increase with both rotation and yout h 
(e.g.. lKrafa[T967tlPallavicini et aUflOSllStewart et alJlT988h . 
and are temporally and energetically correlated in quiescence 
and during flares (e.g.. Cram 1982; Guedel & Benz 19931 
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iBenz & Gue"delll994t iHawlev et alj|1996h . These observa- 
tions have led to a general paradigm of magnetic field am- 
plification at the shearing interface between the radiative and 
convective zones - the so-called ail dynamo (Parker 1955). 
This dynamo operates through a combination of stretching by 
differential rotation (fl) and twisting by convective motions 
(a). 

In quiescence, the dynamo-generated fields provide a 
heating source for the chromospheres and coronae primar- 
ily through magnetic waves and field dissipation on small 
scales (e.g.. lNarain & Ulmschneidedl996l : lAschwanden et alj 
120011) . The interplay between the chromosphere, transition 
region, and corona is not fully understood, but is known to 
involve a complex combination of radiation, conduction, and 
mass flows. In dMe stars it has been proposed that the tran- 
sition region and chromosphere are instead heated by coro- 
nal X-rays, leading to the observed typical luminosity ra- 
tios of Lqyw /Lx^ 10"''^ and Lna/Lx ~ 10"*^, respectively 
(e.g., ICramlll982l: IHawlev & Johns-KrullH2003l) . In addition 
to quiescent emission, sudden and large-scale dissipation of 
the field through large-scale magnetic reconnection may lead 
to particle acceleration and evaporation of the lower atmo- 
sphere into the chromosphere, transition region, and corona, 
giving rise to c orrelated radio. X-ray, UV, and Ha flares (e.g., 
lNeuperj|T968h . 

The level of activity increases with faster rotation, but even- 
tually saturates at L^/iboi ~ 10""' and Lua/Lbo] ~ 10"^'^ for 
rotation periods of < 3 d in F-M stars. It remains unclear 
whether this trend reflects a saturation of the dynamo itself 
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or secondary centrifugal effects such as corona l stripping or 
sweeping of the field toward the poles (e.g., IVilhul Il984t 
iJardine & Unruhl[T999l:[Stepien et alj|200l . 

These activity trends continue to hold even beyond spectral 
type ~ M3, where the stellar interiors become fully convective 
and the ail dynamo can no longer operate. Indeed, the level of 
X-r ay and Ha activity peaks in mid M dwarfs at saturated lev- 
elsjVilhu & Waltei" 1987l:[Gizis et alj2000HMohantv & Basril 
l2003n 'West et al. 200^ This suggests that whatever dynamo 
mechanism operates in these low mass stars, it is already 
present in higher mass objects, and becomes increasingly 
dominant beyond spectral type M3. However, the level of X- 
ray and Ha activity drops precipitously beyond spectral type 
M7, reaching mostly non-detectable levels by spectral type 
L5. This decrease is accompanied by a clear transition from 
quies cent emiss ion to flares in the few perce nt of active ob- 
jects dReid et al. 1999; Gizis et al. 2000; Rutl edge et al.ll2000l; 
iLiebert et alj|2003; .West et aL,2004,) . These trends point to 
a change in the dynamo mechanism, the field configuration, 
and/or the field dissipation process. 

Radio observations, however, have uncovered a substantial 
fraction of active late M and L dwarfs (~ 10% or higher; 
lBergeiil2006D. which exhibit both quiescent and flaring emis- 
sion dBerger et all 120011; [Berged [2 002; Bergeretal. 2005; 
Burgasser & Putman 2005; Berger 2006; Osten et al. 2006b; 
Anto n ova et al. 200 7; Phan- Bao et al. 2007; Hallinan et al. 
2007t lAudard et alJ 120071: iBerger et alJ 120071) . Unlike the 



trend in Ha and X-rays, the level of radio activity ap pears 
to increase with later spectral type (lBergeill2002l 120061) . The 
radio emission is orders of magnitude brighter than expected 
based on the radio/X-ray correlations that are observed in 
stars down to spectral type M6, and requires magnetic fields 
of 0.1 -3 kG with order unity fi lling factor sustained over 
timescales of at least seve ral years dBerger et alJl2005l ; lBergeii 
120061: iBerger et aLll2007[) . Thus, contrary to evidence from 
X-rays and Ha, a substantial fraction of ultracool dwarfs con- 
tinue to generate and dissipate magnetic fields. 

In order to investigate the field generation and dissipation in 
detail, we have recently initiated a program of simultaneous, 
multi-wavelength observations of ultracool dwarfs. Such ob- 
servations are required to trace the temporal evolution of flares 
across the corona, transition region, and chromosphere, and 
to study the relation between particle acceleration and heat- 
ing, particularly in the context of the known corre lations in 
F-M stars. In a previous paper dBerger et alj|2007 l hereafter 
Paper I) we presented observations of the M8.5 rapid rota- 
tor TVLM 5 13-46546, which exhibited a wide range of tem- 
porally uncorrected emission in the radio. Ha, and X-rays. 
These included quiescent radio emission from a large-scale 
field, radio flares from a tangled field component with B « 3 
kG, and periodic Ha emission matching the stellar rotation 
period with an inferred hot spot covering about 50% of the 
stellar photosphere. In addition, the quiescent Ha emission 
exceeded the X-ray luminosity by about a factor of two, likely 
ruling out coronal X-ray emission as the source of chromo- 
spheric heating. 

Here we present observations of the M8 and MS. 5 dwarfs 
VB 10 and LSR 1835H-32, both of which are known to exhibit 
magnetic activity. We find substantially different behavior in 
each of these two objects, with correlated X-ray/UV flares 
and quiescent emission in VB 10, and uncorrected radio/Ha 
emission in LSR 1835H-32. Along with TVLM 513-46546, the 
mixed behavior in late M dwarfs thus indicates a transition in 
the properties of the magnetic field and its dissipation in this 



spectral type range. We show that rotation may play at least a 
partial role in explaining these trends. 

2. TARGETS AND OBSERVATIONS 

We chose to target the nearby dwarf stars VB 10 and 
LSR1835H-32 due to previous detections of activity from 
these objects in the optical/UV/X-ray and radio bands, re- 
spectively. LSR1835H-32 (8.5) is located at a distance of 
5.7 pc and has a bolometric luminosity of Lboi ~ lO"-' "^ Lq 
dReid et al.n 2003). A previous 1.7-hr radio observation re- 
vealed persistent emission with /v(8.46) = 525 ± 15 / iJy and 
a limi t of < 9% on the fraction of circular polarization dBergeii 
l2006h . The rotation velocity of LSR 1835H-32 was not previ- 
ously known, but we measure it here to be vsin/ = 50 ± 5 km 
s"' ( j23T i, similar to fast rotators such as TVLM 513-46546 
and Kelu- 1 . 

VB 10 (M8) is located at a distance of 6. 1 pc (Tinney 1996), 
has Lboi ^ lO"-^ -^'* Lp,, and a slow rotation velocity, vsin/ « 6.5 
km s"' (iMohantv & B asri 2003). An X-ray flare from VB 10 
was previously detected by ROSAT, with a duration of ^ 20 
min and an average l uminosity, Lx = (8. 4 ±2. 7) x 10^^ erg s~', 
or /Lboi « 10"^-^ dFleming et al.l i2000). Subsequent Chan- 
dra observations revealed quiescent emission with Lx/Lbo\ ~ 
IQr^ '^ dFleming et al.ll2003h . In addition, Hubble Space Tele- 
scope observatio ns revealed fl aring and qui escent transition 
region emission dLinskyetal.lil995: Hawley & Johns-Krulll 
l2003h . VB 10 is also known to produce Ha emission with 
equivalent w idths o f ^2-6 A r eported in the literature 
dMartm et a l. 1999; Mohantv & Ba sri 2003; Reiners & Basr^ 
l2007h . o77.H^/Lhni K, lO""^'^. No radio emission has been 
detected to date, with a limit of 5. 80 /iJy at 8. 5 GHz 
dKrishnamurthi et al.lfT999h . Finally. iReiners & Basril (l2007h 
recently estimated the surface magnetic field to be Bf ^ \ 3 
kG, where / is the field filling factor 

The simultaneous observations of LSR 1835H-32 presented 
here were conducted on 2007 May 3 for a total of 8.7 hr in the 
radio (06:40-15:20 UT), 8.4 hr in the X-rays (07:16-15:43 
UT), and 5.4 hr in the optical (09:42-15:04 UT). Observations 
with the ^wi/f/UVOT took place intermittently between 08:09 
and 16:31 UT with a total on-source exposure time of 9.4 ks. 

Observations of VB 10 were conducted on 2007 July 1 for 
a total of 8.9 hr in the X-rays (10:29-19:21 UT), with inter- 
mittent UV coverage between 1 1:08 and 19:15 UT for a total 
of 8.4 ks. Optical spectroscopy was obtained only two weeks 
later, on 2007 July 15 (08:10-13:33 UT). 

2.1. Radio 

Very Large Array observations of LSR 1835H-32 were ob- 
tained at a frequency of 8.46 GHz in the standard continuum 
mode with 2 x 50 MHz contiguous bands. Scans of 295 s on 
source were interleaved with 50 s scans on the phase calibra- 
tor J1850H-284. The flux density scale was determined using 
the extragalactic source 3C286 (J1331H-305). Data reduction 
and analysis follow the procedure outlined in Paper 1. The to- 
tal intensity and circular polarization light curves are shown 
in Figure [T] 

2.2. X-Rays 

Observations were performed with the Chandra/ ACIS- 
S3 backside-illuminated chip, with both LSR1835H-32 and 

The VLA is operated by the National Radio Astronomy Observatory, a 
facility of the National Science Foundation operated under cooperative agree- 
ment by Associated Universities, Inc. 
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VB 10 offset from the on-axis focal point by 3.17'. A total 
of 28.33 and 29.29 ks were obtained, respectively. The data 
were analyzed using ClAO version 3.4, and counts were ex- 
tracted in a 2" radius circle centered on the position of each 
source. 

For LSR 1835+32 we established a bore-sight correction 
based on one source in common between the VLA and Chan- 
dra images. The derived correction is SRA = -1 .7 ± 0.7" and 
SDEC = 0.2 ±0.5". Within the 2" aperture centered on the 
position of LSR 1835+32 we find only 2 counts, with 1.5 
counts expected from the background as determined from an- 
nuli centered on the source position. Thus, the resulting up- 
per limit is about 7 counts (95% confidence level). Using an 
energy conversion factor of Icps = 3.4 x 10"'^ erg cm"^ s"' 
(appropriate for a 1 keV Raymond-Smith plasma model in 
the 0.2-2 keV range) we find Fx < 8.4 x 10""' erg cm"^ s"', 
or Lx/L\,o\ < 10"^^, one of the faintest limits to date for any 
ultracool dwarf. 

In the observation of VB 10 we detect a total of 60 counts 
within the 2" extraction aperture; 2 counts are expected from 
the background. Of the 60 detected counts, 59 are in the en- 
ergy range 0.2-2 keV, similar to what has been found for 
other M dwarfs (including TVLM 5 13-46546: Paper 1). Us- 
ing this energy range we construct light curves and spectra. 
The light curve is shown at various time binnings in Figure|2] 
and is composed of a bright flare with a duration of ~ 3 hr, 
followed by about 4 hr of low-level quiescent emission, and 
finally a fainter flare during the final hour of the observation. 
Using the time range 14:30-18:00 UT to represent the quies- 
cent component we find a total of 10 counts, or a count rate of 
«6.2x 10-''s-i. 

To determine the flux and plasma temperature we fit the 
0.2-2 keV spectrum using a Raymond-Smith model. We find 
that a single-component model provides a poor fit to the data, 
with = 1 .4 for 9 degrees of freedom (null hypothesis prob- 
ability of 0.2); Figure[3] The fit parameters are kT « 0.3 keV, 
and a normalization of 1 .4 x 10"^. 

An improved fit is achieved using two components, with 
Xr = 0.3 for 7 degrees of freedom (null hypothesis probabil- 
ity of 0.94); Figure |3] The best-fit temperatures are kTi = 
0.26!J]:!]^ keV and kT2 « 1.3 keV (formafly, kT2 > 1 keV). 
The normalizations of the two components are (1 .35 ±0.35) x 
10"^ and (6.5 ±2.1) x 10"^ respectively. The resulting aver- 
age flux over the full observation is Fx = (1.2 ±0.4) x 10"'"^ 
erg cm"^ s"', orLx/iboi ~ lO""*'^. 

Using the same model for the quiescent component, we 
find Fx « 3.7 x lO''^ erg cm'^ s"', or Lx/Uo\ « 10"^°, 
in excellent a greement with the value found previously by 
iFleming et al.l (^003). The peak count rate of the first flare 
is about 5 x 10"-^ s"', corresponding to Fx w 3.2 x 10"'^ erg 
cm~^ s~' and Lx/Lbo\ ~ lO"'* '. For the second flare. Fx ~ 
2.0 X 10""^ erg cm'^ s"' and Lx/Uo\ « lO'^^'l 

2.3. Optical Spectroscopy 

We used'^ the Gemini Multi-Object Spectrograph (GMOS; 
|Hook et al. 2004) mounted on the Gemini-North 8-m tele- 
scope with the B600 grating set at a central wavelength of 
5250 A, and with a 1" slit. The individual 300-s expo- 
sures were reduced using the gemini package in IRAF 
(bias subtraction, flat-fielding, and sky subtraction). Wave- 
length calibration was performed using CuAr arc lamps and 
air-to-vacuum corrections were applied. The spectra cover 

Observations were obtained as part of program GN-2()07A-Q-60. 



3840-6680 A at a resolution of about 5 A. For LSR 1835+32 
we obtained a series of sixty exposures, while for VB 10 the 
data were obtained non-simultaneously with a total of 61 ex- 
posures. The fast readout time of 1 8 s provides 94% on-source 
efficiency. 

We detect highly variable Ha emission in LSR 1835+32 
(Figure [Til. Spectra with strong Ha emission also exhibit 
higher-order Balmer lines (H/3-H(5) and Ca II H&K emission. 
Sample spectra in the High and Low emission line states are 
shown in Figure |4] 

The spectrum of VB 10 exhibits strong variability in the 
Balmer (Ha-HO and Ca II H&K fines; Figure |5] As in the 
case of LSR 1835+32 we identify High and Low emission line 
states (Figure|6]l, but we also identify an impulsive Flare state 
marked by a short duration (< 300 s; Figure |5]i and emission 
lines of He I (Figure |6]l. 

In addition to the low-resolution Gemini spectra, we ob- 
tained high resolution spectra of LSR 1835+32 to measure its 
rotation velocity, using the High Resolution Echelle Spec- 
trometer (HIRES) on the Keck 1 10-m telescope. The 
spectroscopic setup an d d ata reduction are deta iled in 
iMohantv & Basril (|2003|) and lReiners & Basril (|2007|) . Using 
the slow rotator CN Leo (M6; vsin; sa 3 km s"') as a tem- 
plate, we measure a rotation velocity for LSR 1835+32 of 
vsim = 50 ± 5 km s"', or a period of about 2.4 hr; Figure|7] 

2.4. Ultraviolet 

Data were obtained with the Swift UV/optical telescope in 
the UVWl filter (Aeff ~ 2600 A), as a series of 6 images with 
exposure times ranging from 560 to 1630 s for LSR 1835+32 
(Figure[B and 980 to 1630 s for VB 10 (Table[T]and Figure|2ll. 

No source is detected at the position of LSR 1835+32 in 
any of the individual exposures, but we detect a source at 
3.5(7 confidence level in the combined 9.4 ks image. Pho- 
tometry of the combined image (including a 0.2 mag cor- 
rection to the standard 5" aperture) reveals a flux of Fa = 
(4.7 ± 1.3) X 10-'**ergcm-2 s"' A"', or toab = 23.7±0.3 mag. 
To estimate the expected UV photospheric emission we con- 
volve the UVOT/UVWl transmission curve wit h an AMES- 
cond model'"* with log(^) = 5.5 and T^n = 2400 K (lAUard et all 
1200 lb . which provides an excellent fit to the optical and IR 
data for LSR 1835+32 (Figure[8]l. We find an expected photo- 
spheric brightness of wab ~ 23.3 mag, in excellent agreement 
with the observed flux. Thus, no contribution from a quiescent 
or flaring transition region is detected. 

VB 10, on the other hand, is clearly variable in the UV, and 
is detected in exposures 1, 2, and 6, with an additional de- 
tection when combining exposures 3, 4, and 5. A summary 
of the derived magnitudes, corrected to the standard 5" aper- 
ture, is provided in Table [T] and the light curve is shown in 
Figure 12] Repeating the same analysis as for LSR 1835+32, 
we find that the minimum observed UV emission exceeds the 
expected photospheric emission by about an order of magni- 
tude. Thus, in VB 10 the flaring and quiescent UV emission 
are due to an active transition region. 

3 . MULTI- WAVELENGTH EMISSION PROPERTIES 

We observed LSR 1835+32 and VB 10 across a wide wave- 
length range that traces activity in various layers of the outer 

Tlie AMES-cond model assumes that all dust has gravitationally settled 
out of the atmosphere I Allard et al. 2001). We find that the opposite case of 
no gravitational settling (AMES-dusty model) provides essentially the same 
result in the UV. 
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atmosphere. The radio emission is due to particle acceler- 
ation by magnetic processes, the optical emission lines trace 
the chromospheric plasma, the UV emission arises in the tran- 
sition region, and the X-ray thermal emission is produced in 
the corona. 

3.1. LSR 1835+32 

The broad-band emission properties of LSR 1835H-32 are 
summarized in Figure [1] The radio emission appears to be 
nearly constant both in total intensity and circular polariza- 
tion. The average flux density is /v(8.46) = 464 ± 10 /iJy, 
while the 3(t upper limit on the fraction of circular polariza- 
tion is < 6.5%. For comparison, previous observations of 
LSR 1835H-32 revealed a flux of /v(8.46) = 525 ± 15 n h, with 
an upper limit on the circular polarization of < 9% (jBergeg 
|2006jj). We note the possible detection of one weak flare (at 
08:05 UT) with a peak flux density of about 1.3 mJy and a 
duration of about 5 min (Figure [T]i. The average flux den- 
sity during the putative flare is only 370 ±105 /iJy above the 
quiescent emission level, and the average fraction of circular 
polarization is rc = -50 ±15%. 

We therefore conclude that the radio emission from 
LSR1835H-32 is generally persistent in origin, with at most 
a mild variability at the level of ~ 20% on hour to year 
timescales. The one possible short duration flare points to 
a duty cycle of less than a few percent if the flare distribu- 
tion is uniform. Alternatively, it is possible that we observed 
LSR 1835H-32 in a period of relative quiescence, and future 
observations may reveal the existence of flares with a higher 
duty cycle. 

Since our radio observation covers nearly 4 rotation pe- 
riods of LSR1835H-32, the lack of significant variability 
points to emission from a uniform and stable magnetic 
field configuration. Assuming a structure with R ^ R^, ^ 
7 X 10^ cm we infer a brightness temperature, Tt, = 2 x 

10'^/V.mjyi'GHz'^pc(^/^*)"^ « 4 X 10*^ K, indicative of non- 
thermal gyrosynchrotron emission. This conclusion is sup- 
ported by the overall persistence of the radio emission and the 
low fraction of circular polarization. 

In the context of gyrosynchrotron radiation the emission 
spectrum is determined by the size of the emitting region (R), 
the density of radiating el ectrons {rie), and the magnetic field 
sti-ength (B) according to jDulk & Marshlll982i) : 

r, = 0.3 X 10l ''3cose-1.16cos2e(-3 ^ jQ3/^)-0.21-0.37sine^ (J) 

v,„ = 1.8 X 10'*(sine')"-^ in.Rf -^^B'^'^^ Hz, (2) 
F^jn = 2.5 X lO-'^^B^'^^R^ne(sm0)-^-^^ ^Jy, (3) 

where 9 is the angle between the magnetic field and the line 
of sight. Using a range of 61 = 20-70° we find B < 0.1 -20 
G, respectively. Assuming i/,,, = 8.5 GHz, we find R <(Q.l- 
7) X lO** cm, and > 2.4 x 10'°-2.3 x 10^" cm'^ the lat- 
ter is for the range 9 = 70-20°. Typical coronal densities 
in M dwarfs are ~ lO'"- 10'^ cm~^ (|y an den Bessela ar et al.l 
|2003; Oste n et al.ll2006al: iBerger et al] l2007). suggesting fliat 
6'~7r/3, andhenceB'- lOGand/? '-7x 10''cm-7;,. Since 
the corona is likely to have an overall shell geometry, the 
derived physical properties can be interpreted as a structure 
extending ~ 0.37?* above the stellar photosphere with order 
unity filling factor. Smaller filling factors will lead to more 
extended magnetic structures. 

With strong persistent radio emission and no correspond- 
ing X-ray emission, LSR1835H-32 joins the sample of ul- 



tracool dwarfs which strongly violate the radio/X-ray cor- 
relation, Lr/Lx w 10"'^^ Hz-i (lGuedel&Benzlll993l) . ob- 
served in F-M6 active stars and in solar flares. We find 
Lr/Lx ^ 10~"^ Hz"', more than four orders of magnitude 
in excess of the expected value; Figure |9] We stress that the 
long-term persistence and low circular polarization of the ra- 
dio emission clearly point to gyrosynchrotron radiation from 
a stellar-scale magnetic field, so the severe violation cannot 
be explained away with small-scale, short-duration heating by 
coherent processes such as electron cyclotron maser or plasma 
radiation. 

We next turn to the Ha emission for which we measure a 
range of equivalent widths of 2-7 A (Figure [U. This range 
corresponds'^ to L-na/L\,o\ ~ (1 -3.5) x 10"^, about an order 
of magnitude lower than the saturated Ha emission found in 
mid M dwarfs. The weaker chromospheric emission from 
LSR 1835H-32 is in good agreement with the general trend of 
decreasing Ha emission in ultracool dwarfs. 

As in the case of the radio emission, the level of de- 
tected Ha emission is puzzling in the context of the non- 
detected X-ray emission. Observations of M0-M6 dwarfs 
reveal a t ypical ratio, (F ua/Fx) ^ 1/3, with a full range of 
-0.1-1 faawley et alJ ll996). For LSR 1835H-32 this ratio is 
Fho/Fx > 5 (using the weakest Ha flux), at least an order of 
magnitude larger than in M0-M6 dwarfs. The significantly 
brighter Ha emission indicates that chromospheric heating 
is significantly more efficient in LSR1835H-32 than coronal 
heating, possibly as a result of the field configuration. We re- 
turn to this point in ^ Moreover, the elevated Ha emission 
rules out coronal X-ray emission as the source of chromo- 
spheric heating, as proposed for dMe stars. 

While both radio and Ha emission are detected, we find 
a clear lack of temporal correlation between these two activ- 
ity indicators. The Ha light curve exhibits significant vari- 
ability on timescales of — 0.5 - 2 hr, with a wide range of 
amplitudes, 6EW — 0.5-5 A. However, no clear radio vari- 
ability is observed in coincidence with any of the Ha bright- 
ening episodes. In particular, during the large increase in 
Ha equivalent width centered on 13:40 UT (Figure [U, we 
find a limit of < 8% on the variability of the radio emis- 
sion. This can be explained in two ways. First, the Ha vari- 
ability originates from much smaller physical scales than the 
radio emission (for which R — /?»), and any associated ra- 
dio variability is therefore dwarfed by the overall persistent 
flux. In this case, we infer that the typical scale of chromo- 
spheric regions giving rise to Ha variability is < 10% of the 
overall chromospheric volume. Alternatively, the radio emis- 
sion associated with the variable Ha emission is produced 
at a much different frequency than our observed 8.5 GHz 
band. This may be the result of coherent radio emission from 
fields weaker than — 3 kG, which would lead to emission at 

= 2.8 xlO^B< 8.5x10'' Hz. 

To summarize, LSR 1835H-32 exhibits quiescent radio emis- 
sion with no appreciable variability over the timescale of our 
observation (4 rotation periods), or on year timescales. The 
chromospheric Ha emission, on the other hand, is highly vari- 
able with changes of a factor of 3 in equivalent width on 
timescales of < 1 hr. The Ha flux exceeds the undetected 
X-ray emission by at least an order of magnitude, indicating 
that the chromosphere is not heated by coronal emission. The 
radio emission violates the radio/X-ray correlation of F-M6 

" To convert from equivalent width to Lna/^'bol W2 use a conversion fac- 
tor (x) of 10-5 3 appropriate for LSR 1835+32 jWalkowicz et aU2004l) . 
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stars by about 4 order of magnitude. 

3.2. VBIO 

For VB 10 we were able to obtain simultaneous observa- 
tions only in the X-rays and UV (Figure |2|l. The X-ray light 
curve exhibits both flaring and quiescent emission with ra- 
tios of Lx/Lho\ ~ lO"'* ' and 10~'' °, respectively. As noted in 
^ quiescent X-ray emission was previously detec ted from 
VB 10 in a shorter observation dFleming et al.ll2003l) and we 
confirm its existence here at the same flux level. The X-ray 
spectrum is dominated by a T w 3.5 x 10^ K plasma, with 
a possible second component with T 1.5 x 10^ K (Fig- 
ureO. These temperatures are typical of coronal X-ray emis- 
sion from M dwarfs, and similar to what we previously found 
for TVLM 5 13-46546, T « 10^ K (Paper 1). 

The UV emission clearly tracks the X-ray behavior, with 
detections of the two flares and the quiescent component. The 
peak UV brightness exceeds the quiescent emission by a fac- 
tor of about 5 (Table [Til, somewhat less that the order of mag- 
nitude change in X-ray brightness 02.2l i. Moreover, the qui- 
escent component exceeds the expected photospheric emis- 
sion by about an order of magnitude, and thus points to the 
ex istence of a persistent transitio n region, as noted previously 
by lHawley & Johns-Krulll (l2003l) . So far this is the only case 
of correlated emission found in any of our targets, suggesting 
that at least some late M dwarfs may follow the behavior seen 
in early M dwarfs. 

As in the case of the X-ray and UV data, our non- 
simultaneous optical spectroscopy also reveals a significant 
level of variability. As far as we know, our spectroscopic 
observations provide the most extensive coverage of VB 10 
in the published literature, and are thus valuable even if no 
multi-wavelength coverage is available. Here we provide a 
brief summary of the observations, and defer a detailed anal- 
ysis to a future publication. 

We clearly detect Ha in emission in all of the individual 
exposures. An equivalent width light curve is shown in Fig- 
ure |5] The range of measured values is 3.7-8.6 A, extend- 
ing to somewhat higher values than previously published for 
VB 10. Similarly, the H/3 line varies from 5 to 26 A, while 
H7 and H(S range from undetectable levels (< few A) to about 
80 A. We also detect Ca II H&K emission ranging from non- 
detectable levels to a K line'^ equivalent width of about 30 
A. 

The emission line Ught curves exhibit a wide range of vari- 
ability timescales. We note that the total duration of our 
observation samples only about 1/4 of a rotation of VB 10 
(vsin/ = 6.5 km s"'), and we therefore have no information on 
rotational modulation, which was detected in our previous tar- 
get, TVLM 5 13-46546 (Paper 1). The variability is primarily 
gradual with the rise and fall times of individual episodes be- 
ing roughly the same. The broadest brightening has a rise time 
of about 0.7 hr and a decay time of about 2 hr, with a factor of 
two increase in equivalent width. The variability is reflected 
in all of the detected Balmer lines, but the relative change in 
equivalent width is largest for the weakest lines. This mild 
change in the Balmer decrement points to increased densities 
and temperatures during brighter emission episodes. Sample 
spectra in these High and Low states are shown in Figure |6] 

In addition to the time-resolved and gradual changes in 
emission line equivalent width we detect two episodes of 

The Ca II H line is blended with He. 



rapid brightening with a duration of < 300 s (Flare state). 
These flares are marked by a large increase in the equivalent 
width of the higher-order Balmer lines and the Ca II lines rel- 
ative to the High state spectra. They are further distinguished 
from the High state spectra by the appearance of He I lines 
(Figure |6|l. Temporally, both of the detected flares are super- 
posed on gradual brightenings, suggesting that the two modes 
of variability are causally and temporally unrelated and arise 
in different regions of the chromosphere. 

The significant difference in Balmer decrement between the 
High and Flare states, and the appearance of He I lines in the 
latter indicate higher plasma densities, and most likely tem- 
perature sjnJhe^T^^estate. A comparison to flares on mid M 
dwarfs (lAllred et al.l2006l and references therein) reveals shal- 
lower Balmer decrements in the impulsive flares on VB 10: 
H(5/H7 w 0.9, He/H7 « 0.9, and HC/H7 « 0.6, compai-ed to 
average values of 0.8, 0.5, and 0.4, respectively. Similarly, 
the formation of He I lines generally requires dense plasma 
{lie - 10'^- 10'^ cm"^) at r - few x 10"* K, approaching the 
transition region temperatures. 

Although our X-ray and optical observations are not simul- 
taneous, the variability timescales in both bands are similar 
(Figures|2]and|5]). This suggests that in VB 10 chromospheric 
heating by coronal X-rays may in fact work. Indeed, the ob- 
served range of LHa/^^boi ~ 10"^'^ - 10~^'' (Table |2l) is similar 
to the range of Lx/^boi ~ 10""* ' - 10"^ Thus, the chromo- 
spheric and coronal structure of VB 10 is markedly different 
than that of LSR 1835-1-32, for which the Ha luminosity ex- 
ceeds the X-ray luminosity by at least an order of magnitude, 
and no evidence for plasma at coronal temperatures exists. 

To conclude, the magnetic activity in VB 10 differs signifi- 
cantly from that of LSR 1835H-32 and TVLM 5 13-46546, and 
is more typical of M0-M6 dwarfs. The X-ray and UV emis- 
sion are clearly correlated and point to the presence of qui- 
escent and flaring corona and transition region. The optical 
chromospheric emission exhibits similar timescales and am- 
plitudes of variability, and can be separated into a gradually 
variable component (Low and High states), and a rapidly flar- 
ing component (Flare state) that is marked by higher plasma 
densities and temperatures. 

4. THE POSSIBLE ROLE OF ROTATION 

With the increasing sample of ultracool dwarfs observed in 
the radio and X-rays we can begin to address the physical 
conditions that underlie the generation of magnetic fields and 
their influence on the coronae and chromospheres. It is clear 
from our work that late M dwarfs exhibit a mix of activity 
patterns in comparison to stars with spectral types F to early 
M stars, whose magnetic activity is powered by the afi dy- 
namo. Thus, it is instructive to investigate whether rotation 
also plays a role in the magnetic activity of ultracool dwarfs. 

4.1. X-ray Activity 

The generation of persistent X-ray emission in F-M stars 
is still not fully understood, but its correlation with radio ac- 
tivity and rotation velocity suggests that it is directly tied to 
heating by magnetic field dissipation and particle accelera- 
tion. In Figure [To] we show the well-known rotation-activity 
relation and saturation of Lx/^boi for stars with spectral type 
F-M6. The rotation-activity relation provides evidence for 
the existence of an aVt dynamo, while three primary expla- 
nations have been proposed for the saturation of Lx /Lboi (see 
also Gudel.2004) . The first is saturation of the dynamo mech- 
anism itself at low Rossby numbers, Ro = P/tc ^0.1 (e.g.. 
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IVilhu|[T984h : here is the convective turnover time. Second, 
centrifugal effects in rapid rotators may lead to a circulation 
pattern that sweeps the magnetic fields from the lower convec- 
tion zo ne toward the pol es, thereby reducing the field filling 
factor (Ste pieh etan i2001). 

The third explanation is centri fugal stripping of the 
corona at the co rotation radius'^, Rc (iJardine & Unruhll 19991: 
iJames et"aLll2000 ). In this scenario, the particle density, rig oc 
ri, and emission volume, V oc 7?^ oc conspire to produce 
an emission measure (oc n^V) that is independent of the ro- 
tation period, i.e., saturation. However, this balance breaks 
down when the corotation radius is well inside the corona, 
Rc < R^,, leading to super-satur ation - a reduction in Lx/Lbo\ 
at very rapid rotation rates (e.g.. lJames et al.ir2000l) . 

It is instructive to study whether the X-ray emission of ul- 
tracool dwarfs exhibits saturation and/or super-saturation, and 
if so, which of the mechanisms described above is responsi- 
ble for these effects. The values of Lx/iboi as a function of 
rotation period presented here and in Paper I, as well as in the 
literature, are summarized in Figure [TO] Two trends are clear. 
In the range of rotation periods of ^ 0.4- 1 d, in which F-M6 
stars exhibit saturated emission, Lx/Lbo\ ^ 10"'* for the ultra- 
cool dwarfs is a few times smaller than the saturated value 
of the F-M6 stars. This points to generally weaker coronae 
in ultracool dwarfs compared to higher mass stars, although 
in one ca se an unusually brig ht flare with Lx/Lbo\ 0.1 was 
detected jStelzer et al.l 120061) . On the other hand, ultracool 
dwarfs with periods of < 0.2 d (vsin/ > 25 km s"') exhibit 
much lower values of Lx/L\m\ S 10"^. These include our tar- 
gets LSR 1835H-32 and TVLM 5 13-46546. The reduction in 
X-ray activity at high rotation velocities is reminiscent of the 
super-saturation phenomenon. 

In the context of centrifugal stripping, an ultracool dwarf 
with M ~ 0.1 Mq and R 0.1 Rq has a corotation ra- 
dius that is smaller than the coronal radius (~ R^ above 
the photosphere) when P < 1 hr. This is a factor of two 
times smaller than the fastest rotators in the sample, with 
vsin; w 60 km s"'. This indicates that centrifugal strip- 
ping may play a role in reducing Lx/iboi for fast rota- 
tors only if the the magnetic field is generally dominated 
by extended loops with R ^ (2-3)/?,, which may indee d 
be the relevant scale for M dwarfs (e.g., iLeto et al]|2000l) . 
In the case of LSR1835H-32, TV LM 5 13-46546 (P aper I), 
and 2MASS J00361617H-1821 104 (iBerger et al.ll2005h we in- 
ferred from our radio observations a magnetic field scale of 
~ (1 - few) X 10'° cm, in the rough range required for effi- 
cient centrifugal stripping. 

Thus, to the extent that existing observations of ultracool 
dwarfs reveal possible super-saturation in the X-rays, it is 
presently unclear whether this is due to intrinsic dynamo ef- 
fects or to the secondary effect of centrifugal stripping. The 
proposed mechanism of centrifug al clearing o f the equato- 
rial plane in rapid rotators GStepieii et al.ll200 ll) is not likely 
to play a role since the persistent radio emission on > year 
timescales in several ultracool dwarfs points to fields with or- 
der unity covering fractions. 

An alternative possibility for the drop in Lx /iboi is that the 
source of coronal heating is different, and much less efficient, 
than in higher mass stars. This scenario may explain the lower 
values of Lx/Lboi in the regime where F-M6 stars are sat- 
urated. However, it is unclear why such a scenario should 

The corotation radius, Rc = (GM,/f2^)'/^, is tlie radius at wliicli tlie 
centrifugal and gravitational forces are exactly balanced. 



depend on rotation, particularly since the radio emission (i.e., 
partic le acceleration) does not diminish in fast rotators (see 

We caution that the possibility of super-saturation in the X- 
rays is based on a small number of objects, and moreover that 
the effect of centrifugal stripping depends on the magnetic 
field configuration. Future X-ray observations of additional 
late M and L dwarfs, as well as the determination of rotation 
velocities for a larger sample of ultracool dwarfs will reveal 
whether, and at what rotation velocity, super-saturation may 
set in present. If confirmed, the value of vsin/ at which super- 
saturation occurs may hold a clue to the nature of the dynamo 
or the dominant physical scale of coronal magnetic loops. 

4.2. Radio Activity 

Since radio emission is arguably a more robust tracer of 
magnetic activity than X-ray emission, we repeat the same 
exercis e for Lr /Lhni a s a function of rotation period and ve- 
locity. 'Be rgerl (1200^ noted a possible correlation between 
radio activity and rotation based on a small sample of ultra- 
cool dwarfs, and we re-visit this investigation here. In Fig- 
ure [TT] we plot radio detections and upper limits for objects 
with a known rotation velocity and period. We find that for 
objects with spectral type > M7 those with vsin/ < 30 km 
s~', or f > 4 hr, exhibit a typical quiescent radio activity, 
vLi^ Yi./ Lbo\ ^ 10"^ On the other hand, those with vsin/ > 30 
km s"' have vLy,Yt./LhQ\ ^ 10"^'^, nearly an order of magni- 
tude larger If we include objects earlier than M7, the in- 
crease in radio activity with rotation velocity becomes even 
more pronounced, with a typical level of vL^ Y^/LhoX ^ 10"^ 
for vsin/ < 30 km s~' . 

The majority of the ultracool dwarfs with a known rotation 
velocity remain undetected in VLA observations with a typ- 
ical duration of 2 hr, mostly as a result of the decrease in 
Lboi for L and T dwarfs (Figure [TT] and Berger 2006). Still, 
it appears that with the present sample, there is possible evi- 
dence for a radio rotation-activity relation, with no evidence 
for either saturation or super-saturation. This is contrary to the 
apparent decrease in Lx/L\,o\ at vsin/ ~ 25 km s"' 04. lb . If 
confirmed with future observations, the most likely explana- 
tion is that the dynamo mechanism is at least partially driven 
by rotation (even in the presence of full convection), with no 
apparent saturation at very low Rossby numbers (Ro < 10"^), 
contrary to the trend in F-M6 stars. 

Regardless of the exact dynamo mechanism there is a clear 
discrepancy between the radio and X-ray observations in 
terms of a possible activity-rotation relation and its super- 
saturation. The lack of clear saturation or super-saturation 
in the radio indicates that the dynamo itself is not likely to 
saturate even at high rotation velocities. The possible decline 
in X-ray activity at vsin/ > 25 km s"' may thus be the result 
of secondary effects such as inefficient heating of the plasma 
to coronal temperatures, or centrifugal stripping of the most 
extended magnetic loops, with R ~ few x R^,. The former 
scenario is supported by the observed ratio Lua/Lx ^ 1 in 
the quiescent emission from LSR 1835-1-32 and TVLM 513- 
46546, which points to heating of chromospheric plasma by a 
process other than coronal X-ray emission. 

The difference in trends between radio and X-ray activity as 
a function of rotation velocity may also underlie the violation 
of the radio/X-ray correlation in ultracool dwarfs (Figure |9]l. 
In Figure [12] we plot L^ r/Lx relative to its standard value in 
F-M6 stars (w 10"'^^: lGuedel & Benz|[T99l as a function of 
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rotation velocity. We find that objects with vsin/ > 30 km s~' 
exhibit a significantly more severe violation of the radio/X- 
ray correlation than those with slower rotation. It is important 
to note, however, that rotation alone may not fully account for 
the excess ratios since even objects with vsin/ < 10 km s"' 
may exceed the value of 10"'^'^ by an order of magnitude or 
more. Still, it appears that faster rotators generally violate the 
radio/X-ray correlation by a larger factor. 

5. DISCUSSION AND SUMMARY 

We presented simultaneous multi-wavelength observations 
of two late M dwarfs to trace the magnetic activity in their 
outer atmospheres. In the case of LSR 1835+32 (M8.5) we 
detect persistent radio emission and highly variable Ha emis- 
sion. No excess UV emission is detected. Similarly, we detect 
no X-ray emission to a deep limit of Lx/Lbo\ ^ 10"^^. The ra- 
tio of radio to X-ray flux exceeds the average value measured 
in a wide range of active stars by more than 4 orders of mag- 
nitude. Similarly, the ratio Lua/Lx 10 exceeds the values 
measured for M0-M6 dwarfs by at least an order of magni- 
tude, and rules out heating of the quiescent chromosphere by 
coronal emission. 

Temporally, we find no correspondence between the radio 
and Ha light curves. This indicates that even if the source 
of chromospheric heating is magnetic reconnection, it occurs 
on sufficiently small scales that the overall radio emission 
does not change by more than ~ 10%. Alternatively, the ra- 
dio emission produced in conjunction with the Ha variability 
may peak at a lower frequency than our 8.5 GHz observations. 
In the former scenario, our limit on the radio variability dur- 
ing the brightest Ha episode can be interpreted as a limit of 
< 10% on the chromospheric volume involved in the variable 
Ha emission. In the latter scenario, it is possible that the co- 
incident radio emission is dominated by coherent emission at 

« 2.8 X 10''B, with B < 3 kG. 

With our measured rotation velocity of vsin/ k, 50 km s"' 
for LSR 1835+32, the radio observations sample nearly 4 full 
rotations. The stability of the radio emission thus requires 
a large-scale and uniform magnetic field, with an inferred 
strength of 10 G. The similarity in flux to a past observa- 
tion suggests that the field is stable on year timescales. This 
may be expected given the long convective turnover time for 
ultracool dwarfs, on the order of several years. 

VB 10, on the other hand, exhibits bright and variable X- 
ray and UV emission, including a pair of flares and quies- 
cent emission. The behavior in both bands, which trace the 
corona and transition region, respectively, is highly corre- 
lated. From the X-ray spectrum we infer a coronal temper- 
ature of about 3 X 10^ K, with a possible second component 
at ~ 10^ K. The optical emission lines exhibit a similar ampli- 
tude and timescale of variability to the X-rays and UV, with 
two distinct states of gradual and impulsive flaring. The lack 
of causal relation between the two states points to emission 
from distinct plasma environments. Moreover, the shallow 
Balmer decrement and He I emission in the impulsive Flare 
state require significantly denser and hotter plasma. 

Our detailed study of LSR 1835+32, VB 10, and 
TVLM 5 13-46546 reveals mixed patterns of of behavior 
compared to the magnetic activity in F-M6 stars, and thus 
points to a transition in the atmospheric structure and heating 
process in the late M dwarf regime. In particular, stellar-scale 
magnetic fields are present, as evidence by quiescent and 
uniform radio emission, but the coronae are generally weaker 
than in early M dwarfs. The chromospheric activity declines 



less rapidly, and all three targets exhibit a similar range of 
highly variable Ha emission, Lna/^boi ~ 10"^- 10"'*^. This 
range is about an order of magnitude less that the saturated 
value of mid M dwarfs. 

In the standard picture of solar and stellar magnetic flares, 
the release of magnetic energy through processes such as 
reconnection leads to acceleration of electrons, and subse- 
quently heating of the chromosphere, transition region, and 
corona through evaporation of the lower atmosphere. In qui- 
escence, the chromospheres of M0-M6 dwar fs ma y instead 
be heated by coronal X-ray emission (Craml [T982h . as evi- 
denced by the typica l obser ved ratios of L^a/Lx ~ 1/3 jCraml 
119821: iHawlev et al.l 119961) . Such a mechanism is clearly 
not at play in the case of LSR 1835+32, and most likely 
TVLM 5 13-46546, since the chromospheric emission is sig- 
nificantly more energetic than the non-detected corona. 

It is possible instead that the source of chromospheric heat- 
ing is continuous micro-flaring activity, leading to replenish- 
ment of chromospheric and transition region plasma by evap- 
oration. In this scenario the weak or absent coronal emission 
may be due to a limited temperature enhancement of < 10^ K, 
which is sufficient to produce chromospheric emission, but no 
significant soft X-ray emission. The continuously variable Ha 
emission in LSR 1835+32 appears to support this idea, and 
along with the lack of corresponding radio variability points 
to heating on scales much smaller than the stellar photosphere. 

As we noted in ^ it is also possible that rapid rotation in 
ultracool dwarfs suppresses the X-ray emission through cen- 
trifugal stripping. The apparent increase in radio activity with 
rotation indicates that the dynamo itself does not saturate, at 
least up to vsin/ ^ 60 km s"', which is roughly 1/3 of the 
break-up velocity. The effects leading to the apparent super- 
saturation in the X-rays may also underlie the severe violation 
of the radio/X-ray correlation since the level of violation ap- 
pears to be correlated with rotation velocity (Figure [T2]|. We 
stress that the role of rotation is still speculative due to the 
small number of objects with X-ray, radio, and rotation mea- 
surements. It is therefore crucial to increase the sample of 
ultracool dwarfs for which these quantities are measured. 

To summarize, we conclude that late M dwarfs mark a 
change in the properties of the magnetic field and its dissi- 
pation, as well as the generation of high temperature plasma 
in the outer atmosphere. The weak X-ray emission, both in re- 
lation to Lboi and Lna, points to inefficient heating of plasma 
to coronal temperatures, or alternatively to stripping of the 
most extended magnetic loops. The lack of temporal corre- 
lation between the radio and Ha activity, however, indicates 
that even if atmospheric evaporation is taking place, it occurs 
on smaller physical scale than the overall magnetic field struc- 
ture. 

We end by noting that the use of simultaneous, multi- 
wavelength, and long duration observations to probe the mag- 
netic activity of individual ultracool dwarfs provides a cru- 
cial complement to large single-band surveys. In particular, 
the long duration and high time resolution data elucidate the 
range of timescales and amplitudes of gradual and impulsive 
flares, and can moreover uncover rotationally-induced modu- 
lations, as in the case of TVLM 5 13-46546 (Paper I). In addi- 
tion, the existence or absence of correlations between the var- 
ious activity indicators (as in LSR 1835+32 and TVLM 513- 
46546), and their implications for the magnetic field and its 
dissipation, could not have been inferred from existing obser- 
vations. In the upcoming Chandra cycle we will expand our 
analysis with observations of several L0-L3 dwarfs. These 
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observations will reveal whether the transition in magnetic ac- 
tivity patterns seen in the late M dwarfs continues to lower 
mass objects, some of which are bona-fide brown dwarfs. 
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TABLE 1 

UVOT/UVWl MAGNITUDES OF VB 10 



Exposure 


UT Time 


AB Mag" 


1 


11:08:22- 


-11:31:00 


19.91 ±0.12 


2 


12:32:23- 


-12:49:00 


20.45 ±0.21 


3 


14:08:27- 


-14:36:00 


< 21.47 


4 


15:44:28- 


-16:12:00 


< 21.40 


5 


17:21:27- 


-17:49:00 


< 21.40 


3-5 


14:08:27- 


-17:49:00 


21.57 ±0.24 


6 


18:57:27- 


-19:15:00 


21.07±0.35 



Note. — " Limits are 3a. 



TABLE 2 

Emission Line Properties of VB 10 







Low 






High 






Flare 


Line 


EW 


Flux" 


log(L/Lboi) 


EW 


Flux log(L/Lboi) 


EW 


Flux 


log(L/Lboi) 


Ha 


4.3 


5.2 


-4.9 


8.6 


13.3 


-4.5 


9.0 


15.1 


-4.4 


H/3 


4.8 


0.5 


-5.9 


17 


2.8 


-5.1 


33 


8.7 


-4.6 


H7 


9.3 


0.2 


-6.3 


31 


1.6 


-5.4 


75 


8.7 


-4.6 


US 








31 


1.0 


-5.6 


95 


8.0 


-4.7 


He+CallH 


8.5 


0.2 


-6.3 


111 


1.8 


-5.3 


83 


7.8 


-4.7 


H? 








9.1 


0.3 


-6.1 


44 


4.8 


-4.9 


Ca II K 


15 


0.2 


-6.3 


39 


1.2 


-5.5 


26 


2.5 


-5.2 


He I A5877 














2.8 


1.1 


-5.6 


He I A4473 














5.3 


0.9 


-5.6 


He I A4027 














5.4 


0.5 


-5.9 



Note. — Emission line fluxes, equivalent widths, and ratios relative to the bolometric luminosity for 
the three spectral states identified in VB 10 (Figures|5]and|6). 
" In units of A. 
In units of 10"'^ erg cm"^ s"' A"' . 
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Fig. 1 . — Radio, Ha, UV, and X-ray observations of LSR 1835+32. No X-ray emission is detected, and we find a UV source only in the combined 9.4 ks 
observation with mab = 23.7 ± 0.3 mag. The radio total intensity (I) and circular polarization (V) light curves (blacli fines) are shown at 30-sec (black lines) and 
30-min (gray lines) resolution (the intrinsic time resolution is 5 s). One possible weak radio flare is detected (08:05 UT), but the overall level of variability is less 
than a factor of two. The Ha line exhibits significant variabfiity on timescales of 0.5 - 2 hr. We find no correlation between the Ha and radio fight curves. 
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Fig. 2. — X-ray and UV observations of VB 10. We show the X-ray photon arrival times (black dots), as well as hght curves with time binning of 600 and 2400 
s. The light curve is clearly composed of a flare with a duration of about 2 hrs, followed by quiescent emission and a second weaker and shorter flare. The UV 
light curve clearly tracks the X-ray emission. 
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Fig. 3. — X-ray spectrum of VB 10 (data with error bard) fit with Left: a single temperature Raymond-Smith model with kT rj 0.3 keV (x? = 1-4 for 9 
d.o.f), and Right: a two-component Raymond-Smith model with kTi a 0.26 keV and kT2 f» 1.3 keV (x? = 0-3 for 7 d.o.f). The single-temperature model leaves 
significant residuals, which are largely eliminated by the addition of hotter component. 
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Fig. 4. — Spectra of LSR 1835+32 in the High and Low emission lines states, con'esponding, respectively, to the peak (13:40 UT) and lowest point (13:00 UT) 
of the Ha light curve (Figure[T). The High state is marked by strong Balmer and Ca II H&K lines. 
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Fig. 5. — Light curves of the Balmer hne equivalent widths in the spectra of VB 10. Each spectrum has a duration of 300 s. The same behavior is clear in 
all four lines, with significant variability ranging in duration from a single exposure to a broad brightening with a duration of about 2.5 hr. We designate three 
spectral states — Flare, High, and Low — whose spectra are shown in Figure|6] The flare state is more distinct in the higher order Balmer lines, suggesting that 
the plasma densities and temperatures are higher compared to the High and Low states. 
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Fig. 6. — Spectra of VB 10 in the three states designated in Figure|5] Flare, High, and Low. The flare spectrum exhibits significantly stronger emission in 
the higher-order Balmer lines than the high state spectrum, stronger Ca II lines, and He I lines which are completely absent in the High state spectrum. These 
properties point to higher chromospheric densities and temperatures in the impulsive Flare state (< 300 s) than during the broad biightenings (High state). The 
Low state spectrum is simply a weaker version of the High state spectrum. 
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Fig. 7. — A portion of our Keck/HIRES echelle spectrum of LSR 1835+32 (thick line). A comparison to the rotationally-broadened spectrum of the slowly- 
rotating M6 dwarf CN Leo (thin line; shifted downward for clarity) indicates a rotation velocity for LSR 1 835+32 of vsini = 50 ± 5 km s~' . 
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Fig. 8. — UV to IR spectral energy distribution of LSR 1835+32 from DSS, 2MASS, and Spitzer observations. The gray curve is an AMES-Cond atmospheric 
model of a 2400 K, logg = 5.5 dwarf star, which provides an excellent fit to the optical, NIR, and IR data. Convolution of the atmospheric model with the 
UVOT/UVWl filter ciu-ve (dashed line) indicates an expected flux (grey square) that is in good agreement with the observed flux. 
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X-ray Luminosity (erg s ) 

Fig. 9 . — R a dio versus X-ray luminosity for stars exhibiting co ronal activity. Data for late M and L dwarfs are from Rutledge et al. ( 2000), Berger et al. 12001"), 
IBergeil 120021), IB erger et al J ll2005l).I Burgasser & Putman 1 200^, IBergeil )2006l) . IAudard et al.l )2007i ), and Paper I, while data for other stars and the Sun are taken 
from Giidel 12002) and references therein. Solar data include impulsive and gradual flares, as well as microflares. The strong coirelation between and Lx is 
evident, but it breaks down around spectral type M7 (see inset). Of our three targets, TVLM 5 1 3-46546 and LSR 1 835-H32 clearly violate the coiTelation by about 
four orders of magnitude, while for VB 10 the upper limit on excess radio emission is less than three orders of magnitude. 
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Rotation Period (d) 

Fig. 10. — Ratio of X-ray to bolometric luminosity as a function of rotation period for stars of spectral type F-M6 (gray circles), and > M7 (black symbols). 
Data are from James et al. (2000), Pizzolato et al. (2003), Reiners & Basri (2007), Audard et al. (2007) and references therein, and this paper The rotation- 
activity relation and saturation in the F-M6 stars are clearly seen (gray lines). The X-ray activity of ultracool dwarfs is generally weaker than in early type stars, 
and in addition appears to decrease at higher rotation velocity. This serves as possible evidence for super-saturation. The shaded region marks the rotation period 
below which the corotation radius is smaller than the coronal radius (assumed to extend ~ S» above the stellar suii'ace), leading to possible stripping of coronal 
material by centrifugal ejection. 
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Fig. 1 1 . — Ratio of radio to bolometric luminosity as a function of rotation period (Left) and rotation velocity (Right). Data are from lWhite et aljjl989l) . lBergeil 
(2)02), Beraet (2006) and references therein, and this paper. There is an apparent correlation between radio activity and rotation, with no clear sign of saturation 
or super-saturation. 
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Fig. 12. — Ratio of radio to X-ray luminosity normalized to the typical value observed in F-M6 stars (L^ jt^/Lx ~ 10"'^ Figure|9) as a function of rotation 
velocity. Shown are objects with spectral type > M7. It appears that the most severe violators of the radio/X-ray correlation are those with the highest rotation 
velocity. 



